Background. Minimally invasive vertical tooth extraction techniques have evolved in light of the limitations of conventional tooth extraction techniques and flap surgery in preserving the alveolar bone. The authors conducted a study to obtain data on the performance of a vertical extraction system. This included comparing the need for flap surgery using the vertical extraction system versus conventional tooth extraction techniques for the extraction of anterior teeth and premolars not suitable for forceps extraction.
T ooth extraction is associated with loss of alveolar bone, which is thought to occur from both physiological [1] [2] [3] and iatrogenic mechanisms as no extraction technique is completely atraumatic. [4] [5] [6] The postextraction loss of alveolar bone can compromise the functional and esthetic rehabilitation with removable or fixed prostheses, including dental implants. 4, 6, 7 Several possible determinants of the extent of alveolar bone loss have been proposed. These include systemic factors such as a patient's general health and behavior 8, 9 ; local factors including the tooth type and location (mandible or maxilla); the preoperative condition of the socket; the number, proximity, and type of teeth extracted 10 ; and postextraction treatment protocols. 10, 11 In addition, the mode of extraction has been reported to influence the extent of alveolar bone resorption. 1, 12, 13 Conventional tooth extraction techniques involving the use of elevators, luxators, periotomes, and forceps operate on the principle of socket expansion and will, therefore, traumatize the alveolar bone to some extent. [4] [5] [6] For teeth not manageable with these instruments, a standard approach would be reflection of a mucoperiosteal flap, often followed by bone removal to facilitate tooth extraction. Although the evidence for bone loss due to reflection of the flap alone may be inconclusive, 14, 15 bone removal during flap surgery represents additional alveolar bone loss even before any bone resorption in the context of socket remodeling commences. In addition, clinical research has implicated flap surgery with increased postoperative pain [16] [17] [18] and may hamper softtissue esthetics at the rehabilitation stage. 19 Therefore, a reduction in the need for flap surgery would be a desirable feature of any novel extraction technique.
In light of the limitations of conventional tooth extraction techniques and flap surgery in preserving alveolar bone and assuming that minimally invasive methods result in better ridge preservation, a number of novel vertical tooth extraction techniques have evolved. 6, 12, 13, 20 These techniques share the common principle of causing no direct trauma to the socket walls through severance of the periodontal ligament by pulling the tooth in an axial direction from its socket. Evidence regarding the effectiveness of vertical extraction systems is scarce. Timely evaluation of novel surgical techniques is important to prevent widespread adoption without sufficient evidence and, equally, to promote innovation supported by adequate evidence. 21, 22 However, evaluation of surgical innovation is challenging for various reasons, including but not limited to the fact that surgical technique and approach, as well as instrumentation, continue to evolve as novel techniques are used in practice. Hence, alternatives to randomized controlled trials play an important role, in particular in the earlier phases of the introduction of novel techniques into clinical practice. The IDEAL Collaboration has proposed a 5-stage framework of surgical innovation, which has been used in many surgical specialties. 21, [22] [23] [24] [25] [26] We conducted a proof-of-principle clinical study from November 2010 through March 2011 that evaluated the technical applicability, success rates, learning curve, and limitations of a vertical extraction system (Benex, Helmut Zepf Medizintechnik and Hager & Meisinger). 27 The study suggested that the vertical extraction system was of limited use for the extraction of molars, but it achieved high success rates in anterior teeth and premolar extractions. Importantly, the study suggested that the use of the vertical extraction system may be associated with a marked reduction in the need for flap surgery for extractions of anterior teeth and premolars that were not suitable for standard forceps extraction.
Our aims for conducting this study were to extend our earlier cohort study to provide more robust data on the performance of the vertical extraction system in anterior teeth and premolar extractions and compare the need for flap surgery using the vertical extraction system with conventional tooth extraction techniques for the extraction of anterior teeth and premolars that are not suitable for forceps extraction. To this end, we conducted an interrupted time series study in line with the principles of the IDEAL framework stage 3.
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METHODS
Study design and participants
We conducted a prospective observational clinical study using the vertical extraction system (hereafter referred to as the vertical extraction cohort) and conventional tooth extractions (hereafter referred to as the conventional cohort) using an interrupted time series. 21 As this study used only anonymized data collected as part of routine clinical care, formal review by a research ethics committee was not required. The study was approved by National Health Service Research and Development (no. BBC RMG 1440). All patients gave informed consent to treatment.
For the purpose of this analysis, we defined conventional tooth extraction techniques as the use of forceps, luxators, elevators, or periotomes for tooth extraction. Flap surgery was defined as reflection of a mucoperiosteal flap (with or without subsequent bone removal with a bur). In the vertical extraction cohort, success was defined as the complete removal of roots by means of the vertical extraction system. After failure using the vertical extraction system, teeth were extracted with conventional tooth extraction techniques or, if necessary, flap surgery.
From November 2010 through April 2014, patients in the vertical extraction cohort underwent extractions of anterior teeth and premolars by 1 of 7 clinicians with 3 or more years of experience in oral surgery, using the vertical extraction system. The vertical extraction system was introduced to the participating clinicians by 2 clinicians with prior experience with the system, using a slide presentation and 1-to-1 practical demonstration. Teeth had to be deemed not suitable for a conventional forceps extraction owing to the limited coronal tooth tissue remaining or to the crown fracturing during a forceps extraction attempt. We excluded primary teeth, molars, impacted teeth, and teeth with greater than first degree mobility. The study extended and included the data reported on in our 2013 report, 27 excluding mandibular molars.
Full details of the treatment protocol for the vertical extraction system ( Figure 1 ) have been described elsewhere. 27, 28 Briefly, any grossly carious tissue was removed and the diamond bur was used in a straight or contra-angle 1:1 handpiece to prepare a canal for subsequent screw insertion. After insertion of the pull rope into the screw head, the extractor appliance was placed. To achieve axial alignment of the pull rope or provide a stable support for the support disk of the extractor appliance, a sectional impression tray with silicone putty impression material was used when deemed necessary by the dental surgeon. The tooth was then extracted by gradually increasing the traction force using the extractor. If tooth extraction using the vertical extraction system failed for any reason, the tooth was then extracted by the use of elevators, luxators, or flap surgery as appropriate.
Data for the conventional cohort were collected as part of a clinical audit conducted from February 2015 through February 2016 for outpatients undergoing tooth extractions under local anesthesia. During this period, the vertical extraction device was not available to clinicians. Data recorded included all the inclusion and exclusion criteria for the vertical extraction cohort so that appropriate comparisons could be made with the vertical extraction cohort.
We used scannable case report forms to collect data. The forms used for both cohorts included age, sex, race or ethnicity, tooth type, whether the tooth was multirooted (assessed after extraction), presence of root canal filling (yes or no), history of failed forceps extraction (yes or no), and availability of a radiograph (yes and no).
Statistical analysis
We scanned and checked the data for validity using a data capture system (KeyPoint 6, Speedwell Software). We then transferred the data to statistical analysis software for analysis (Stata 14, StataCorp). We calculated summary statistics for continuous and categorical variables for both cohorts and for successful and failed vertical extraction, separately. We calculated the proportion (incidence) of success and failure of vertical extractions and the proportion (incidence) of flap surgery for both cohorts. We considered age, sex, race or ethnicity, jaw (mandible versus maxilla), tooth type (multirooted versus single-rooted), history of root filling, availability of a radiograph, and history of failed extractions as potential determinants of successful vertical extractions using the vertical extraction system. We entered these characteristics as independent variables in a generalized linear model with failure and success as the dependent variable to calculate risk ratios for failure of extraction. We used generalized estimating equations with an exchangeable correlation structure to account for clustering of several teeth within patients. We also used generalized estimating equations to produce appropriate confidence intervals (CIs) for estimates of the incidence of flap surgery in the vertical extraction system and conventional cohorts.
RESULTS
A total of 323 teeth in 240 patients were included in the vertical extraction system cohort. The patients included 151 males with a mean age of 50 years (range, 17-89), and 89 females with a mean age of 50 years (range, 17-91). Most teeth were located in the maxilla (65.9%, n ¼ 213) and did not have root canal fillings (74.9%, n ¼ 242). Based on postoperative assessments, 33 teeth (10.2%) were multirooted. Five of these were sectioned before applying the vertical extraction system, resulting in a total of 328 roots for which an extraction was attempted with the vertical tooth extraction device. Forty-three teeth (13.3%) were included after a forceps extraction had failed. No radiographs were available for 38 teeth (11.8%) ( Table 1) .
Overall, 276 of 323 teeth (85.4%) were successfully extracted using the vertical extraction system. The success rate varied between single-rooted teeth (87.2%, 251 of 288 teeth) and multirooted teeth (69.7%, 23 of 33 teeth). Extractions of multirooted teeth were 2.2 times more likely to fail than those of single-rooted teeth (risk ratio, 2.2; 95% CI, 1.3 to 4.0). Teeth with a history of root canal filling were 2.1 times more likely to result in failures (risk ratio, 2.1; 95% CI, 1.3 to 3.6). The lowest success rate (73.9%, 17 of 23 teeth) was observed in maxillary lateral incisors. Of the 47 failures in the vertical extraction system cohort, 18 required flap surgery, resulting in an overall incidence of flap surgery of 5.6% (95% CI, 3.2% to 8.7%) (18 of 323 teeth) in the vertical extraction system cohort ( Figure 2) .
During the routine care period, 1,719 teeth were extracted (223 anterior teeth, 299 premolars, 1,197 molars) using conventional tooth extraction techniques. Of the 522 anterior teeth and premolars, 94 teeth in 78 patients were deemed not suitable for forceps extraction and, therefore, met the inclusion criteria for this analysis (Table 2) . Patients included 41 men with a mean age of 49 years (range, 19-85) and 37 women with a mean age of 54 years (range, 24-86). Most of the teeth were located in the maxilla (71.3%, n ¼ 67). Twenty-one teeth required flap surgery; therefore, the incidence of flap surgery was 22% (95% CI, 14 to 32) (Figure 2 ).
DISCUSSION
In this interrupted time series study, we evaluated the application of the vertical extraction system for minimally invasive extraction of anterior teeth and premolars unsuitable for forceps extractions. We found a high success rate, as well as a lower incidence of flap surgery required, when using the vertical extraction system compared with conventional tooth extraction techniques. Furthermore, we identified several tooth characteristicsdsuch as multirooted teeth and root canal fillingsdas potential determinants of a reduced success rate of the vertical extraction system. These findings extend our previous study results 27 by using a larger sample size and allowing comparison with the conventional tooth extraction techniques.
The lower success rate of the vertical extraction system in multirooted teeth and teeth with a root canal filling is consistent with the typical failure modes observed with the vertical extraction system. 27 First, the morphology of the roots may be incompatible with an axial removal, particularly in cases of multirooted teeth with divergent roots. Second, root fractures and subsequent loss of screw retention will be more likely to occur in brittle teeth that are root filled or with gracile roots, such as individual roots of multirooted teeth or maxillary lateral incisors. The observed relatively higher failure rates for maxillary lateral incisors and maxillary premolars are also consistent with this explanation. However, whether the increased risk of experiencing fracture in endodontically treated teeth is due to changes in the mechanical properties of root dentine itself 29 or merely the result of loss of structural integrity 30 is controversial. The literature on the incidence of flap surgery for dental extractions is scarce, but clinical experience and the existing literature indicate that a considerable proportion of dental extractions involve flap surgery. For example, in a study of patients with a history of radiation to the head and neck, 10% of dental extractions required elevation of a flap, and 11% required alveolectomy. 31 In a retrospective analysis of single tooth extractions of nonimpacted teeth, 17% of dental extractions required flap surgery. 32 In our study, we found that flap surgery was required in just over 1 in 5 (22%) anterior teeth and premolars with insufficient coronal tooth structure to allow forceps extraction. In comparison, when extraction was attempted with the vertical extraction system, just over 1 in 20 (6%) teeth required flap surgery. These results indicate that the use of the vertical extraction device may be associated with a marked reduction in the need to perform flap surgery for the removal of teeth not suitable for forceps extraction. Failure to retrieve a root or roots using a conventional approachdthat is, using luxators or elevatorsdtypically occurs when no point of application can be found and, hence, sufficient lateral and extrusive forces cannot be generated. It is, therefore, not surprising that conventional tooth extraction techniques are more likely to fail in the denser and more compact mandible compared with the maxilla 33, 34 (Figure 2 ). The different principle of the vertical extraction system, which does not rely on a point of application and only applies vertical forces, makes these results highly plausible. Furthermore, use of the vertical extraction system is not limited to teeth not suitable for forceps extraction, as it may be desirable to minimize trauma to the bone and associated soft tissues when extracting any tooth.
Our findings show that the vertical extraction system has a high success rate in the anterior tooth and premolar areas, in which ridge preservation is important for both esthetic and functional purposes. However, this study has important limitations. First, like any observational study, this interrupted time series is susceptible to a range of possible biases, including but not limited to selection bias and confounding bias due to operator variability. However, all operators had several years' experience in oral surgery and exodontia and were trained in the application of the vertical extraction system. As the vertical extraction technique was adopted, treatment time decreased in the initial vertical extraction cohort; however, there was no evidence for a change in success rate. 27 Second, the high success rate of the vertical extraction system in itself does not serve as evidence that minimally invasive extractions lead to less postoperative morbidity or reduced postoperative ridge resorption. The results of this interrupted time series are encouraging and plausible. However, adequately powered randomized controlled clinical trials are warranted to confirm or otherwise the efficacy and effectiveness of the vertical extraction system to reduce the need for flap surgery and the degree of bone loss and bone resorption following tooth extraction.
CONCLUSIONS
The results of this interrupted time series study suggest that the vertical extraction system may be used with a high success rate for extraction of teeth unsuitable for forceps extraction. Vertical tooth extractions are more likely to fail if teeth are multirooted or have been root filled, and the use of the vertical extraction system may lead to a marked reduction in the need for flap surgery to extract destroyed teeth. Adequately powered randomized clinical trials are needed to confirm the findings of this observational study. n
